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Our Picture of Matter
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Few fundamental forces, derived from gauge symmetries

SU(3)c ⊗ SU(2)L ⊗ U(1)Y

Electroweak symmetry breaking: Higgs mechanism?
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Our Picture of Matter

uR
dR

cR
sR

tR
bR

eR

mR

tR

uL

dL

cL

sL

tL
bL

eL
mL

tLn1
n2

n3

n1

n2

n3

Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 3 / 177



Quantum Chromodynamics: Yang-Mills theory for SU(3)c

Single quark flavor:

L = ψ̄(iγµDµ −m)ψ − 1
2tr(GµνGµν)

composite spinor for color-3 quarks of mass m

ψ =

 qred

qgreen

qblue


Gauge-covariant derivative:

Dµ = I∂µ + igBµ

g : strong coupling; Bµ: 3× 3 matrix in color space formed
from 8 gluon fields B`

µ and SU(3)c generators 1
2λ

` . . .
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QCD Tests: Asymptotic Freedom
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QCD Tests: e+e− → hadrons
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QCD Tests: Quark Confinement

-4

-3

-2

-1

0

1

2

3

0.5 1 1.5 2 2.5 3

[V
(r)

-V
(r 0

)] 
r 0

r/r0

β = 6.0
β = 6.2
β = 6.4
Cornell Potential

0

Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 7 / 177



A theory of leptons

L =

(
νe

e

)
L

R ≡ eR

weak hypercharges YL = −1, YR = −2
Gell-Mann–Nishijima connection, Q = I3 + 1

2Y

SU(2)L ⊗ U(1)Y gauge group ⇒ gauge fields:

weak isovector ~bµ, coupling g b`µ = b`µ − εjk`αjbk
µ − (1/g)∂µα

`

weak isoscalar Aµ, coupling g ′/2 Aµ → Aµ − ∂µα
Field-strength tensors

F `µν = ∂νb
`
µ − ∂µb`ν + gεjk`b

j
µb

k
ν SU(2)L

fµν = ∂νAµ − ∂µAν U(1)Y
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Interaction Lagrangian

L = Lgauge + Lleptons

Lgauge = −1
4F `µνF

`µν − 1
4 fµν f

µν ,

Lleptons = R iγµ
(
∂µ + i

g ′

2
AµY

)
R

+ L iγµ
(
∂µ + i

g ′

2
AµY + i

g

2
~τ · ~bµ

)
L.

Mass term Le = −me(ēReL + ēLeR) = −me ēe violates local gauge inv.

Theory: 4 massless gauge bosons (Aµ b1
µ b2

µ b3
µ); Nature: 1 (γ)
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Symmetry of laws 6⇒ symmetry of outcomes
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A Decade of Discovery Past

� Electroweak theory validated [Z , e+e−, p̄p, νN , . . . ]

� Higgs-boson influence observed [EW experiments]

� Neutrino oscillations: νµ → ντ , νe → νµ/ντ [ν�, νatm]

� QCD [heavy flavor, Z 0, p̄p, νN , ep, lattice]

� Discovery of top quark [p̄p]

� Direct CP violation in K → ππ decay [fixed-target]

� B-meson decays violate CP [e+e− → BB̄]

� Flat U, mostly dark matter & energy [SN Ia, CMB, LSS]

� Detection of ντ interactions [fixed-target]

� Constituents structureless at TeV scale [mainly colliders]
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Tevatron: p̄p at
√

s = 1.96 TeV

D0

CDF
CQ
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Tevatron Performance
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Tevatron Performance
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Tentative Program

1 Lecture 1

2 Lecture 2

3 Lecture 3

4 Lecture 4

5 Lecture 5
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Topic 1: The Setting

ANRV391-NS59-21 ARI 17 September 2009 18:15

Unanswered Questions in the
Electroweak Theory
Chris Quigg
Theoretical Physics Department, Fermi National Accelerator Laboratory, Batavia, Illinois 60510

Institut für Theoretische Teilchenphysik, Universität Karlsruhe, D-76128 Karlsruhe, Germany

Theory Group, Physics Department, CERN, CH-1211 Geneva 23, Switzerland

Annu. Rev. Nucl. Part. Sci. 2009. 59:505–55

First published online as a Review in Advance on
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This article’s doi:
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All rights reserved
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Key Words

electroweak symmetry breaking, Higgs boson, 1-TeV scale, Large Hadron
Collider (LHC), hierarchy problem, extensions to the Standard Model

Abstract
This article is devoted to the status of the electroweak theory on the eve
of experimentation at CERN’s Large Hadron Collider (LHC). A compact
summary of the logic and structure of the electroweak theory precedes an ex-
amination of what experimental tests have established so far. The outstanding
unconfirmed prediction is the existence of the Higgs boson, a weakly inter-
acting spin-zero agent of electroweak symmetry breaking and the giver of
mass to the weak gauge bosons, the quarks, and the leptons. General argu-
ments imply that the Higgs boson or other new physics is required on the
1-TeV energy scale.

Even if a “standard” Higgs boson is found, new physics will be implicated
by many questions about the physical world that the Standard Model cannot
answer. Some puzzles and possible resolutions are recalled. The LHC moves
experiments squarely into the 1-TeV scale, where answers to important out-
standing questions will be found.
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Electroweak theory antecedents
Lessons from experiment and theory

Parity-violating V − A structure of charged current

Cabibbo universality of leptonic and semileptonic
processes

Absence of strangeness-changing neutral currents

Negligible neutrino masses; left-handed neutrinos

Unitarity: four-fermion description breaks down at√
s ≈ 620 GeV νµe → µνe

νν̄ → W +W−: divergence problems of ad hoc
intermediate vector boson theory
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Electroweak theory consequences

Weak neutral currents

Need for charmed quark

Existence and properties of W±, Z 0

No flavor-changing neutral currents at tree level

No right-handed charged currents

CKM Universality

KM phase dominant source of CP violation

Existence and properties of Higgs boson

Higgs interactions determine fermion masses, but . . .

(Massless neutrinos: no neutrino mixing)
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Electroweak theory tests: tree level

W±, Z 0 existence and properties verified

Z -boson chiral couplings to quarks and leptons agree
with SU(2)L ⊗ U(1)Y theory

Third generation of quarks and leptons discovered

Constraints on a fourth generation

MZ ′ & 789 GeV (representative cases)

MW ′ & 1000 GeV

MWR
& 715 GeV, gL = gR

Strong suppression of FCNC:
B(K + → π+νν̄) = 1.73+1.15

−1.05 × 10−10;
SM expectation = (0.85± 0.07)× 10−10
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Electroweak theory tests: tree level

H1 e+p 1994–2007 (preliminary)
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Electroweak theory tests: tree level

σ W
W

 (p
b)

02/17/2005
0

10

30

20

160 180 200

LEP data
Standard model

No ZWW vertex
Only υe exchange

√s (GeV)

QuiggFig02.pdf   6/16/09   1:29:27 PM

Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 21 / 177



Electroweak theory tests: CKM paradigm
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Electroweak theory tests: loop level
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Electroweak theory tests: loop level
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Electroweak theory tests: low scales [Z ′]
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Electroweak theory tests: Higgs influence
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Electroweak theory tests: Higgs consistency?
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Electroweak theory successes

; search for agent of EWSB

IOP PUBLISHING REPORTS ON PROGRESS IN PHYSICS

Rep. Prog. Phys. 70 (2007) 1019–1053 doi:10.1088/0034-4885/70/7/R01

Spontaneous symmetry breaking as a basis of
particle mass

Chris Quigg

Theoretical Physics Department, Fermi National Accelerator Laboratory, PO Box 500,
Batavia, IL 60510, USA
and
Theory Group, Physics Department, CERN, CH-1211 Geneva 23, Switzerland

E-mail: quigg@fnal.gov

Received 30 March 2007
Published 8 June 2007
Online at stacks.iop.org/RoPP/70/1019

Abstract

Electroweak theory joins electromagnetism with the weak force in a single quantum field theory,
ascribing the two fundamental interactions—so different in their manifestations—to a common
symmetry principle. How the electroweak gauge symmetry is hidden is one of the most urgent
and challenging questions facing particle physics. The provisional answer incorporated in
the ‘standard model’ of particle physics was formulated in the 1960s by Higgs, by Brout and
Englert and by Guralnik, Hagen, and Kibble: the agent of electroweak symmetry breaking
is an elementary scalar field whose self-interactions select a vacuum state in which the full
electroweak symmetry is hidden, leaving a residual phase symmetry of electromagnetism. By
analogy with the Meissner effect of the superconducting phase transition, the Higgs mechanism,
as it is commonly known, confers masses on the weak force carriers W± and Z. It also opens
the door to masses for the quarks and leptons, and shapes the world around us. It is a good
story—though an incomplete story—and we do not know how much of the story is true.
Experiments that explore the Fermi scale (the energy regime around 1 TeV) during the next
decade will put the electroweak theory to decisive test, and may uncover new elements needed
to construct a more satisfying completion of the electroweak theory. The aim of this article is
to set the stage by reporting what we know and what we need to know, and to set some ‘big
questions’ that will guide our explorations.

(Some figures in this article are in colour only in the electronic version)

This article was invited by Professor P Zerwas.

0034-4885/07/071019+35$90.00 © 2007 IOP Publishing Ltd Printed in the UK 1019
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Higgs (then)
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Kibble, Guralnik, Hagen, Englert, Brout (2010)

1-TeV Scale
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Hiding EW Symmetry

Higgs mechanism: relativistic generalization of Ginzburg-Landau
superconducting phase transition

Introduce a complex doublet of scalar fields

φ ≡
(
φ+

φ0

)
Yφ = +1

Add to L (gauge-invariant) terms for interaction and propagation of
the scalars,

Lscalar = (Dµφ)†(Dµφ)− V (φ†φ),

where Dµ = ∂µ + i g ′
2 AµY + i g

2~τ · ~bµ and

V (φ†φ) = µ2(φ†φ) + |λ| (φ†φ)2

Add a Yukawa interaction LYukawa = −ζe
[
R(φ†L) + (Lφ)R

]
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Arrange self-interactions so vacuum corresponds to a
broken-symmetry solution: µ2 < 0
Choose minimum energy (vacuum) state for vacuum expectation value

〈φ〉0 =

(
0

v/
√

2

)
, v =

√
−µ2/ |λ|

Hides (breaks) SU(2)L and U(1)Y

but preserves U(1)em invariance

Invariance under G means e iαG〈φ〉0 = 〈φ〉0, so G〈φ〉0 = 0

τ1〈φ〉0 =

„
0 1
1 0

« „
0

v/
√

2

«
=

„
v/
√

2
0

«
6= 0 broken!

τ2〈φ〉0 =

„
0 −i
i 0

« „
0

v/
√

2

«
=

„ −iv/
√

2
0

«
6= 0 broken!

τ3〈φ〉0 =

„
1 0
0 −1

« „
0

v/
√

2

«
=

„
0

−v/
√

2

«
6= 0 broken!

Y 〈φ〉0 = Yφ〈φ〉0 = +1〈φ〉0 =

„
0

v/
√

2

«
6= 0 broken!
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Symmetry of laws 6⇒ symmetry of outcomes
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Examine electric charge operator Q on the (neutral) vacuum

Q〈φ〉0 = 1
2
(τ3 + Y )〈φ〉0

= 1
2

(
Yφ + 1 0

0 Yφ − 1

)
〈φ〉0

=

(
1 0
0 0

)(
0

v/
√

2

)
=

(
0
0

)
unbroken!

Four original generators are broken, electric charge is not

SU(2)L ⊗ U(1)Y → U(1)em (will verify)

Expect massless photon

Expect gauge bosons corresponding to

τ1, τ2, 1
2
(τ3 − Y ) ≡ K to acquire masses
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Expand about the vacuum state

Let φ =

(
0

(v + η)/
√

2

)
; in unitary gauge

Lscalar = 1
2
(∂µη)(∂µη)− µ2η2

+
v 2

8
[g 2
∣∣b1
µ − ib2

µ

∣∣2 + (g ′Aµ − gb3
µ)2]

+ interaction terms

“Higgs boson” η has acquired (mass)2 M2
H = −2µ2 > 0

Define W±
µ =

b1
µ ∓ ib2

µ√
2

g 2v 2

8
(
∣∣W +

µ

∣∣2 +
∣∣W−

µ

∣∣2)⇐⇒ MW± = gv/2
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(v 2/8)(g ′Aµ − gb3
µ)2 . . .

Now define orthogonal combinations

Zµ =
−g ′Aµ + gb3

µ√
g 2 + g ′2

Aµ =
gAµ + g ′b3

µ√
g 2 + g ′2

MZ 0 =
√

g 2 + g ′2 v/2 = MW

√
1 + g ′2/g 2

Aµ remains massless
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LYukawa = −ζe (v + η)√
2

(ēReL + ēLeR)

= −ζev√
2

ēe − ζeη√
2

ēe

electron acquires me = ζev/
√

2

Higgs-boson coupling to electrons: me/v (∝ mass)

Desired particle content . . . plus a Higgs scalar

Values of couplings, electroweak scale v?

Then analyze interactions . . .
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The importance of the 1-TeV scale

EW theory does not predict Higgs-boson mass,

but partial-wave unitarity defines tipping point

Gedanken experiment: high-energy scattering of

W +
L W−

L Z 0
L Z 0

L/
√

2 HH/
√

2 HZ 0
L

L: longitudinal, 1/
√

2 for identical particles
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The importance of the 1-TeV scale . .
In HE limit, s-wave amplitudes ∝ GFM2

H

lim
s�M2

H

(a0)→ −GFM2
H

4π
√

2
·


1 1/

√
8 1/

√
8 0

1/
√

8 3/4 1/4 0

1/
√

8 1/4 3/4 0
0 0 0 1/2


Require that largest eigenvalue respect partial-wave
unitarity condition |a0| ≤ 1

=⇒ MH ≤
(

8π
√

2

3GF

)1/2

= 1 TeV

condition for perturbative unitarity
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The importance of the 1-TeV scale . . .

If the bound is respected

weak interactions remain weak at all energies

perturbation theory is everywhere reliable

If the bound is violated

perturbation theory breaks down

weak interactions among W±, Z , H
become strong on 1-TeV scale

New phenomena are to be found in the EW interactions
at energies not much larger than 1 TeV
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Electroweak Questions for the LHC

What hides electroweak symmetry: a Higgs boson, or
new strong dynamics?

If a Higgs boson: one or several?

Elementary or composite?

Is the Higgs boson indeed light, as anticipated by the
global fits to EW precision measurements?

Does H only give masses to W± and Z 0, or also to
fermions? (Infer tt̄H from production)

Are the branching fractions for f f̄ decays in accord
with the standard model?

If all this: what sets the fermion masses and mixings?
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Fermion Mass Generation

100

10–1

Charged leptons 

Up quarks 
t

c

b

s

d
u

e

τ

μ

Down quarks 

10–2

10–3

10–4

10–5

10–6

M
as

s/
w

ea
k 

sc
al

e

QuiggFig09.pdf   6/16/09   1:29:06 PM

Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 42 / 177



Search for the Standard-Model Higgs Boson

Γ(H → f f̄ ) =
GF m2

f MH

4π
√

2
· Nc ·

(
1− 4m2

f

M2
H

)3/2

∝ MH in the limit of large Higgs mass; ∝ β3 for scalar

Γ(H → W +W−) =
GF M3

H

32π
√

2
(1− x)1/2(4− 4x + 3x2) x ≡ 4M2

W /M2
H

Γ(H → Z 0Z 0) =
GF M3

H

64π
√

2
(1− x ′)1/2(4− 4x ′ + 3x ′2) x ′ ≡ 4M2

Z/M2
H

asymptotically ∝ M3
H and 1

2
M3

H , respectively

2x2 and 2x ′2 terms ⇔ decays into transverse gauge bosons
Dominant decays for large MH : pairs of longitudinal weak bosons

Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 43 / 177



SM Higgs Boson Branching Fractions
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Djouadi, hep-ph/0503172
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Dominant decays at high mass
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For MH → 1 TeV, Higgs boson is ephemeral: ΓH → MH .
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Total width of the standard-model Higgs boson
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Below W +W− threshold, ΓH ∼< 1 GeV

Far above W +W− threshold, ΓH ∝ M3
H
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A few words on Higgs production . . .

e+e− → H : hopelessly small
µ+µ− → H : scaled by (mµ/me)2 ≈ 40 000
e+e− → HZ : prime channel

Hadron colliders:
gg → H → bb̄: background ?!
gg → H → ττ, γγ: rate ?!

gg → H → W +W−: best Tevatron sensitivity now
p̄p → H(W ,Z ): prime Tevatron channel for light Higgs

At the LHC:
Many channels accessible, search sensitive up to 1 TeV
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Higgs search in e+e− collisions

σ(e+e− → H → all) is minute, ∝ m2
e

Even narrowness of low-mass H is not enough to make it
visible . . . Sets aside a traditional strength of e+e−

machines—pole physics

Most promising:
associated production e+e− → HZ
(has no small couplings)

e– e+

Z

Z H

σ =
πα2

24
√

s

K (K 2 + 3M2
Z )[1 + (1− 4xW )2]

(s −M2
Z )2 x2

W (1− xW )2

K : c.m. momentum of H xW ≡ sin2 θW
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`+`− → X . . .

σ(e+e− → H) = (me/mµ)2σ(µ+µ− → H) ≈ σ(µ+µ− → H)/40 000
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H couples to gluons through quark loops

Qi
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Only heavy quarks matter: heavy 4th generation ??
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Higgs-boson production at the Tevatron

Djouadi Update 1 Update 2
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Current Tevatron Sensitivity
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Electroweak theory projection
Global fit + exclusions
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Tevatron prospects . . . 2× CDF, June 2010

Figure 1: Higgs Boson sensitivity with projected improvements per experiment.

Analyzable Lum/Expt 115 GeV 130 GeV 145 GeV

5 fb−1 2.2 σ 1.7 σ 1.9 σ
10 fb−1 3.1 σ 2.5 σ 2.7 σ
15 fb−1 3.8 σ 3.0 σ 3.2 σ
20 fb−1 4.4 σ 3.5 σ 3.7 σ

Table 2: Sensitivity to the Standard Model Higgs Boson combining all modes. The low
mass ≤ 130 GeV mode is principally qq̄ → (W,Z)+(h→ bb̄); the higher mass ≥ 130 GeV
mode is principally gg → h→ WW ∗.

It is important to note that the lower mass range of the Higgs is favored by the

global SM fits. The low mass range will have to be explored fully to understand the

mechanism of electroweak symmetry breaking. With Run III, the Tevatron can provide

the sensitivity to exclude or discover a low-mass Standard Model Higgs boson at the 3-

σ level across the full mass region below WW threshold. Such an exclusion would have

deep and revolutionary implications both theoretically and in planning future facilities, in

particular the parameters of the next lepton-collider. This is a capability complementary

to the power of the LHC at higher masses. The Tevatron will remain the facility with

the largest sensitivity in this crucial region for many years. The h → bb̄ mode may be

observable at the LHC, but only with > 30 fb−1. Without direct observation of a h→ bb̄

15

Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 54 / 177



Tevatron prospects . . . Denisov, La Thuile 2010Tevatron Standard Model Higgs Projections

Dmitri Denisov, La Thuile, 03/03/10 17

With 10 fb-1 available for analysis by the end of 2011 it will be possible to either 
exclude at 95% over entire allowed mass range or… see hints of the Higgs boson!
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Large Hadron Collider: pp at
√

s → 14 TeV

LHCb

ATLASALICE

CMS
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LHC cross sections . . .

Djouadi
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January 2011

Higgs                    2011/2012

What do we know today ?
 Theory: mH < 1 TeV
 Present experimental exclusion:  mH > 114.4 GeV (LEP), 

158 < mH < 175 GeV (Tevatron)
 Favoured region (electroweak data  consistency of Standard Model): 

mH < 158 GeV
 114.4-158 GeV is the “hottest” region (although higher masses cannot be excluded)

Expected Higgs mass coverage (GeV) at LHC

LHC means  ATLAS and CMS combined
(very preliminary)

Tevatron             LHC                   LHC               LHC                 LHC
10 fb-1 (end 2011)   1 fb-1  7 TeV  1 fb-1  8 TeV    2.5 fb-1  8 TeV    5 fb-1 8 TeV

95% CL exclusion     114-185             123-550       120-570          114-600               ≥ 114
3 σ evidence          ~115, 150-180      130-450       127-500          123-530              ≥ 114
5 σ discovery               --- 152-174        150-176          138-220              120-570
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Higgs                    2011/2012

If the Higgs is not there 
LHC needs ~2.5 fb-1 for exclusion down to lowest masses

If the Higgs exists: 
 Need ~5 fb-1 for 3σ evidence around mH ~ 115 GeV,

but enough sensitivity at higher masses (above ~ 120 GeV) 
already with 1-3 fb-1

 Discovery (5σ) over full allowed mass region requires ~10 fb-1 at 8 TeV

Note on 8 TeV vs 7 TeV:
-- same reach with ~20% less luminosity
-- for same luminosity, extend low-mass reach down by ~ 3 GeV

LHC means  ATLAS and CMS combined
(very preliminary)
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Example of CMS Significance Projections
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Heavy Higgs Signature: ZZ → µ+µ−µ+µ−

15

3D view3D view

No explicit cut on tracks pNo explicit cut on tracks pTT
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LHC Higgs Outlook

P. Sphicas 
LHC 2010: summary and prospects 

The (SM) Higgs… 
■  Combining all modes: search essentially complete with 

5-10 fb–1  
◆  Can certainly exclude it at 95%CL throughout the “relevant” 

region 
◆  Also 3σ effects 

Feb 1-3, 2011 
CERN Academic Training 

141 

1 fb-1 

2 fb-1 

5 fb-1 

10 fb-1 

1 fb-1 

2 fb-1 

5 fb-1 

10 fb-1 

7 TeV 8 TeV 

P. Sphicas, Academic Training CERN 2011
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LHC Higgs Outlook

P. Sphicas 
LHC 2010: summary and prospects 

The (SM) Higgs (III) 
■  Discovery (aka 5σ) bottom line: 

◆  No discovery with 1fb–1. Firm observation with 5 fb–1: in the 
range 140-230 GeV  

◆  With two experiments: lower end: add ~10 GeV; upper end: 
~500 GeV  

Feb 1-3, 2011 
CERN Academic Training 

142 

5σ 

3σ 

P. Sphicas, Academic Training CERN 2011
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Why Electroweak Symmetry Breaking Matters

Gedanken worlds without Higgs fields: QCD-induced electroweak symmetry breaking

Chris Quigg1,2 and Robert Shrock3

1Theoretical Physics Department, Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
2Institut für Theoretische Teilchenphysik, Universität Karlsruhe, D-76128 Karlsruhe, Germany

3C.N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook, New York 11794, USA
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To illuminate how electroweak symmetry breaking shapes the physical world, we investigate toy

models in which no Higgs fields or other constructs are introduced to induce spontaneous symmetry

breaking. Two models incorporate the standard SUð3Þc � SUð2ÞL � Uð1ÞY gauge symmetry and fermion

content similar to that of the standard model. The first class—like the standard electroweak theory—

contains no bare mass terms, so the spontaneous breaking of chiral symmetry within quantum chromo-

dynamics is the only source of electroweak symmetry breaking. The second class adds bare fermion

masses sufficiently small that QCD remains the dominant source of electroweak symmetry breaking and

the model can serve as a well-behaved low-energy effective field theory to energies somewhat above the

hadronic scale. A third class of models is based on the left-right-symmetric SUð3Þc � SUð2ÞL � SUð2ÞR �
Uð1Þ gauge group. In a fourth class of models, built on SUð4ÞPS � SUð2ÞL � SUð2ÞR gauge symmetry, the

lepton number is treated as a fourth color and the color gauge group is enlarged to the SUð4ÞPS of Pati and
Salam (PS). Many interesting characteristics of the models stem from the fact that the effective strength of

the weak interactions is much closer to that of the residual strong interactions than in the real world. The

Higgs-free models not only provide informative contrasts to the real world, but also lead us to consider

intriguing issues in the application of field theory to the real world.

DOI: 10.1103/PhysRevD.79.096002 PACS numbers: 11.15.�q, 12.10.�g, 12.60.�i

I. INTRODUCTION

Over the past 15 years, the electroweak theory [1] has
been elevated from a promising description to a provisional
law of nature, tested as a quantum field theory at the level
of one part in a thousand by many measurements [2].
Joined with quantum chromodynamics, the theory of the
strong interactions, to form the standard model (SM) based
on the gauge group SUð3Þc � SUð2ÞL � Uð1ÞY , and aug-
mented to incorporate neutrino masses and lepton mixing,
it describes a vast array of experimental information.

In this picture, the electroweak symmetry is spontane-
ously broken, SUð2ÞL � Uð1ÞY ! Uð1Þem, when an ele-
mentary complex scalar field � that transforms as a
(color-singlet) weak-isospin doublet with weak hyper-
charge Y� ¼ 1 acquires a nonzero vacuum expectation

value, by virtue of its self-interactions [3]. The scalar field
is introduced as the agent of electroweak symmetry break-
ing and its self-interactions, given by the potential
Vð�y�Þ ¼ �2ð�y�Þ þ j�jð�y�Þ2, are arranged so that
the vacuum state corresponds to a broken-symmetry solu-
tion. The electroweak symmetry is spontaneously broken if
the parameter �2 is taken to be negative. In that event,
gauge invariance gives us the freedom to choose the state
of minimum energy—the vacuum state—to correspond to
the vacuum expectation value

h�i0 ¼
�

�þ
�0

� ��
0
¼ 0

v=
ffiffiffi
2

p
� �

; (1.1)

where v ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi��2=j�jp
. Three of the 4 degrees of freedom

of � and �y become the longitudinal components of the
gauge bosons Wþ, W�, Z0. The fourth emerges as a
massive scalar particle H, called the Higgs boson, with

its mass given symbolically by M2
H ¼ �2�2 ¼ ffiffiffiffiffiffiffiffiffi

2j�jp
v.

Fits to a universe of electroweak precision measure-
ments [2] are in excellent agreement with the standard
model. However, the Higgs boson has not been observed
directly, and we do not know whether such a fundamental
field exists or whether some different mechanism breaks
electroweak symmetry. One of the great campaigns now
under way in both experimental and theoretical particle
physics is to advance our understanding of electroweak
symmetry breaking by finding H or its stand-in.
For all its successes, the electroweak theory leaves many

questions unanswered. It does not explain the choice �2 <
0 required to hide the electroweak symmetry, and it merely
accommodates, but does not predict, fermion masses and
mixings. Moreover, the Higgs sector is unstable against
large radiative corrections. A second great campaign has
been to imagine more complete and predictive extensions
to the electroweak theory, and to test for experimental
signatures of those extensions, which include supersym-
metry, dynamical symmetry breaking, and the influence of
extra spacetime dimensions. These more ambitious theo-
ries also put forward tentative answers to questions that lie
beyond the scope of the standard model: the nature of dark
matter, the matter asymmetry of the Universe, etc. Theories
that incorporate quarks and leptons into extended families
point toward unification of the separate SUð3Þc � SUð2ÞL �
Uð1ÞY gauge couplings. They may also provide a rationale

PHYSICAL REVIEW D 79, 096002 (2009)
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Challenge: Understanding the Everyday World

What would the world be like, without a (Higgs)
mechanism to hide electroweak symmetry and give
masses to the quarks and leptons? Consider the
effects of all the SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge
symmetries.

(No EWSB agent at v ≈ 246 GeV)

Consider effects of all SM interactions!
SU(3)c ⊗ SU(2)L ⊗ U(1)Y
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Modified Standard Model: No Higgs Sector: SM1

SU(3)c ⊗ SU(2)L ⊗ U(1)Y with massless u, d , e, ν

(treat SU(2)L ⊗ U(1)Y as perturbation)

Nucleon mass little changed:

Mp = C · ΛQCD + . . .

3
mu + md

2
= (7.5 to 15) MeV

Small contribution from virtual strange quarks

MN decreases by < 10% in chiral limit: 939 ; 870 MeV
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Hadron Masses from Lattice QCD: M = E0/c2

mud, corresponding toMp ≅ 135MeV, are difficult.
They need computationally intensive calculations,
withMp reaching down to 200 MeVor less.

5) Controlled extrapolations to the contin-
uum limit, requiring that the calculations be
performed at no less than three values of the
lattice spacing, in order to guarantee that the
scaling region is reached.

Our analysis includes all five ingredients
listed above, thus providing a calculation of the
light hadron spectrum with fully controlled sys-
tematics as follows.

1) Owing to the key statement from renor-
malization group theory that higher-dimension,
local operators in the action are irrelevant in the
continuum limit, there is, in principle, an un-
limited freedom in choosing a lattice action.
There is no consensus regarding which action
would offer the most cost-effective approach to
the continuum limit and to physical mud. We use
an action that improves both the gauge and
fermionic sectors and heavily suppresses non-
physical, ultraviolet modes (19). We perform a
series of 2 + 1 flavor calculations; that is, we
include degenerate u and d sea quarks and an
additional s sea quark. We fix ms to its approxi-
mate physical value. To interpolate to the phys-
ical value, four of our simulations were repeated
with a slightly different ms. We vary mud in a
range that extends down to Mp ≈ 190 MeV.

2) QCD does not predict hadron masses in
physical units: Only dimensionless combinations
(such as mass ratios) can be calculated. To set the
overall physical scale, any dimensionful observ-
able can be used. However, practical issues in-
fluence this choice. First of all, it should be a
quantity that can be calculated precisely and
whose experimental value is well known. Sec-
ond, it should have a weak dependence on mud,
so that its chiral behavior does not interfere with
that of other observables. Because we are con-
sidering spectral quantities here, these two con-
ditions should guide our choice of the particle
whose mass will set the scale. Furthermore, the
particle should not decay under the strong in-
teraction. On the one hand, the larger the strange
content of the particle, the more precise the mass
determination and the weaker the dependence on
mud. These facts support the use of theW baryon,
the particle with the highest strange content. On
the other hand, the determination of baryon dec-
uplet masses is usually less precise than those of
the octet. This observation would suggest that
the X baryon is appropriate. Because both the
W and X baryon are reasonable choices, we
carry out two analyses, one withMW (theW set)
and one withMX (the X set). We find that for all
three gauge couplings, 6/g2 = 3.3, 3.57, and 3.7,
both quantities give consistent results, namely
a ≈ 0.125, 0.085, and 0.065 fm, respectively. To
fix the bare quark masses, we use the mass ratio
pairs Mp/MW,MK/MW or Mp/MX,MK/MX. We
determine the masses of the baryon octet (N, S,
L, X) and decuplet (D, S*, X*, W) and those
members of the light pseudoscalar (p, K) and

vector meson (r, K*) octets that do not require
the calculation of disconnected propagators.
Typical effective masses are shown in Fig. 1.

3) Shifts in hadron masses due to the finite
size of the lattice are systematic effects. There
are two different effects, and we took both of
them into account. The first type of volume de-
pendence is related to virtual pion exchange be-
tween the different copies of our periodic system,
and it decreases exponentially with Mp L. Using
MpL >

e
4 results in masses which coincide, for

all practical purposes, with the infinite volume
results [see results, for example, for pions (22)
and for baryons (23, 24)]. Nevertheless, for one
of our simulation points, we used several vol-
umes and determined the volume dependence,
which was included as a (negligible) correction at
all points (19). The second type of volume de-
pendence exists only for resonances. The cou-
pling between the resonance state and its decay
products leads to a nontrivial-level structure in
finite volume. Based on (20, 21), we calculated
the corrections necessary to reconstruct the reso-
nance masses from the finite volume ground-
state energy and included them in the analysis
(19).

4) Though important algorithmic develop-
ments have taken place recently [for example

(25, 26) and for our setup (27)], simulating di-
rectly at physical mud in large enough volumes,
which would be an obvious choice, is still ex-
tremely challenging numerically. Thus, the stan-
dard strategy consists of performing calculations
at a number of larger mud and extrapolating the
results to the physical point. To that end, we use
chiral perturbation theory and/or a Taylor expan-
sion around any of our mass points (19).

5) Our three-flavor scaling study (27) showed
that hadron masses deviate from their continuum
values by less than approximately 1% for lattice
spacings up to a ≈ 0.125 fm. Because the sta-
tistical errors of the hadron masses calculated in
the present paper are similar in size, we do not
expect significant scaling violations here. This is
confirmed by Fig. 2. Nevertheless, we quantified
and removed possible discretization errors by a
combined analysis using results obtained at three
lattice spacings (19).

We performed two separate analyses, setting
the scale with MX and MW. The results of these
two sets are summarized in Table 1. The X set is
shown in Fig. 3. With both scale-setting proce-
dures, we find that the masses agree with the
hadron spectrum observed in nature (28).

Thus, our study strongly suggests that QCD
is the theory of the strong interaction, at low

Fig. 3. The light hadron
spectrum of QCD. Hori-
zontal lines and bands are
the experimental values
with their decay widths.
Our results are shown by
solid circles. Vertical error
bars represent our com-
bined statistical (SEM) and
systematic error estimates.
p, K, and X have no error
bars, because they are
used to set the light quark
mass, the strange quark
mass and the overall
scale, respectively.

Table 1. Spectrum results in giga–electron volts. The statistical (SEM) and systematic uncertainties
on the last digits are given in the first and second set of parentheses, respectively. Experimental
masses are isospin-averaged (19). For each of the isospin multiplets considered, this average is
within at most 3.5 MeV of the masses of all of its members. As expected, the octet masses are more
accurate than the decuplet masses, and the larger the strange content, the more precise is the
result. As a consequence, the D mass determination is the least precise.

X Experimental (28) MX (X set) MX (W set)

r 0.775 0.775 (29) (13) 0.778 (30) (33)
K* 0.894 0.906 (14) (4) 0.907 (15) (8)
N 0.939 0.936 (25) (22) 0.953 (29) (19)
L 1.116 1.114 (15) (5) 1.103 (23) (10)
S 1.191 1.169 (18) (15) 1.157 (25) (15)
X 1.318 1.318 1.317 (16) (13)
D 1.232 1.248 (97) (61) 1.234 (82) (81)
S* 1.385 1.427 (46) (35) 1.404 (38) (27)
X* 1.533 1.565 (26) (15) 1.561 (15) (15)
W 1.672 1.676 (20) (15) 1.672
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BMW, Science 322, 1224 (2008)
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QCD accounts for (most) visible mass in Universe

(not the Higgs boson)
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Modified Standard Model: No Higgs Sector: SM1

QCD has exact SU(2)L ⊗ SU(2)R chiral symmetry.

At an energy scale ∼ ΛQCD, strong interactions become
strong, fermion condensates 〈q̄q〉 appear, and

SU(2)L ⊗ SU(2)R → SU(2)V

; 3 Goldstone bosons, one for each broken generator:
3 massless pions (Nambu)
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Chiral Symmetry Breaking on the Lattice
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Weise lecture for review and lattice QCD references
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Deconfinement on the Lattice
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A. Polyakov, Phys. Lett. B72, 477 (1978)
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Fermion condensate . . .

links left-handed, right-handed fermions

〈q̄q〉 = 〈q̄RqL + q̄LqR〉
1 = 1

2(1 + γ5) + 1
2(1− γ5)

Qa
L =

(
ua

da

)
L

ua
R da

R

(SU(3)c, SU(2)L)Y : (3, 2)1/3 (3, 1)4/3 (3, 1)−2/3

transforms as SU(2)L doublet with |Y | = 1
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Induced breaking of SU(2)L ⊗ U(1)Y → U(1)em

Broken generators: 3 axial currents; couplings to π: f̄π

Turn on SU(2)L ⊗ U(1)Y :
Weak bosons couple to axial currents, acquire mass ∼ g f̄π

g ≈ 0.65, g ′ ≈ 0.34, fπ = 92.4 MeV ; f̄π ≈ 87 MeV

M2 =


g 2 0 0 0
0 g 2 0 0
0 0 g 2 gg ′

0 0 gg ′ g ′2

 f̄ 2
π

4
(w1,w2,w3,A)

same structure as standard EW theory
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Induced breaking of SU(2)L ⊗ U(1)Y → U(1)em

Diagonalize:

M
2
W = g 2f̄ 2

π /4

M
2
Z = (g 2 + g ′2)f̄ 2

π /4

M
2
A = 0

M
2
Z/M

2
W = (g 2 + g ′2)/g 2 = 1/cos2 θW

NGBs become longitudinal components of weak bosons.

MW ≈ 28 MeV MZ ≈ 32 MeV

(MW ≈ 80 GeV MZ ≈ 91 GeV)
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Electroweak scale

EW theory: choose v = (GF

√
2)−1/2 ≈ 246 GeV

SM: predict

G F = 1/(f̄ 2
π

√
2) ≈ 93.25 GeV−2 ≈ 8× 106 GF

Cross sections, decay rates ×(G F/GF)2 ≈ 6.4× 1013

Real world: σ(νen→ e−p) ≈ 10−38 cm−2

; SM: σ̄(νen→ e−p) ≈ few mb

Weak interaction strength ∼ residual strong interactions
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SM1: Hadron Spectrum

Pions absent (became longitudinal W±, Z 0)

ρ, ω, a1 “as usual,” but

ρ0 → W +W−

ρ+ → W +Z
ω → W +W−Z

M∆ > MN ; ∆→ N(W±,Z , γ)

Nucleon mass little changed: look in detail
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Nucleon masses . . .

“Obvious” that proton should outweigh neutron

. . . but false in real world: Mn −Mp ≈ 1.293 MeV

Real-world contributions,

Mn −Mp = �������
(md −mu)− 1

3 (δmq + δMC + δMM)

; −1.7 MeV

. . . but weak contributions enter.
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Weak contributions are not negligible

Mn −Mp

∣∣
weak
∝ dd − uu

u,d

u,d

u,d

u,d

Z

Mn −Mp

∣∣
weak

=
G FΛ3

h

√
2

3
xW(1− 2xW) ≈ G FΛ3

h

√
2

24

=
Λ3

h

3f̄ 2
π

xW(1− 2xW) ≈ Λ3
h

24f̄ 2
π

> 0

xW = sin2θW ≈ 1
4 perhaps a few MeV?
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Consequences for β decay

Scale decay rate Γ ∼ G
2
F|∆M |5/192π3 (rapid!)

τ̄µ → 10−19 s

n→ pe−ν̄e or p → ne+νe

Example:
∣∣Mn −Mp

∣∣ = Mn −Mp ; τ̄N ≈ 14 ps

No Hydrogen Atom?

Neutron could be lightest nucleus
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Strong coupling in SM
In SM, Higgs boson regulates high-energy behavior

Gedanken experiment: scattering of

W +
L W−

L

Z 0
L Z 0

L√
2

HH√
2

HZ 0
L

In high-energy limit, s-wave amplitudes

lim
s�M2

H

(a0)→ −GFM2
H

4π
√

2
·


1 1/

√
8 1/

√
8 0

1/
√

8 3/4 1/4 0

1/
√

8 1/4 3/4 0
0 0 0 1/2

 .
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Strong coupling in SM

In standard model, |a0| ≤ 1 yields

MH ≤
(

8π
√

2

3GF

)1/2

= 4v
√
π/3 = 1 TeV

In SM1 Gedanken world,

MH ≤
(

8π
√

2

3G F

)1/2

= 4f̄π
√
π/3 ≈ 350 MeV

violated because no Higgs boson ; strong scattering
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Strong coupling in SM
SM with (very) heavy Higgs boson:

s-wave W +W−, Z 0Z 0 scattering as s � M2
W ,M

2
Z :

a0 =
s

32πv 2

[
1
√

2√
2 0

]
Largest eigenvalue: amax

0 = s/16πv 2

|a0| ≤ 1⇒ √s? = 4
√
πv ≈ 1.74 TeV

SM:
√

s? = 4
√
πf̄π ≈ 620 MeV

SM becomes strongly coupled on the hadronic scale
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Strong coupling in SM

As in standard model . . .

I = 0, J = 0 and I = 1, J = 1: attractive
I = 2, J = 0: repulsive

As partial-wave amplitudes approach bounds,
WW , WZ , ZZ resonances form,
multiple production of W and Z

in emulation of ππ scattering approaching 1 GeV

Detailed projections depend on unitarization protocol
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What about atoms?

Suppose some light elements produced in BBN survive

Massless e =⇒∞ Bohr radius

No meaningful atoms

No valence bonding

No integrity of matter, no stable structures

Summary
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Massless fermion pathologies . . .

Vacuum readily breaks down to e+e− plasma
. . . persists with GUT-induced tiny masses

“hard” fermion masses: explicit SU(2)L ⊗ U(1)Y breaking
NGBs −→ pNGBs

SMm: aJ(f f̄ → W +
L W−

L ) ∝ GFmf Ecm

saturate p.w. unitarity at

√
sf ' 4π

√
2√

3ηf GFmf
=

8πv 2

√
3ηf mf

ηf = 1(Nc) for leptons (quarks)
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“Hard” electron mass:
√

se ≈ 1.7× 109 GeV . . .

Gauge cancellation need not imply renormalizable theory

0

10

20

30

160 180 200

√s (GeV)

σ
W

W
 (

pb
)

no ZWW vertex
only νe exchange 

LEP
PRELIMINARY

17/02/2005

“Hard” top mass:
√

st ≈ 3 TeV
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Add explicit fermion masses to SM: ; SMm

aJ(f f̄ → W +
L W−

L ) unitarity respected up to√
s? = 4

√
πng f̄π ≈ 620

√
ng MeV

(condition from WW scattering)

; mf .
2
√
πng f̄π√
3ηf

≈


126
√

ng MeV (leptons)

73
√

ng MeV (quarks)

would accommodate real-world e, u, d masses
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In summary . . .

SM: QCD-induced SU(2)L ⊗ U(1)Y → U(1)em

No fermion masses; division of labor?

No physical pions in SM1

No quark masses: might proton outweigh neutron?

Infinitesimal me : integrity of matter compromised

SM exhibits strong W ,Z dynamics below 1 GeV

MW ≈ 30 MeV in Gedanken world

G F ∼ 107 GF: accelerates β decay

Weak, hadronic int. comparable; nuclear forces

Infinitesimal m`: vacuum breakdown, e+e− plasma

SMm: effective theory through hadronic scale

Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 88 / 177



Outlook

How different a world, without a Higgs mechanism:
preparation for interpreting experimental insights

SM, SMm: explicit theoretical laboratories
complement to studies that retain Higgs, vary v

(very intricate alternative realities)

Fresh look at the way we have understood the real world
(possibly > 1 source of SSB, “hard” fermion masses)

How might EWSB deviate from the Higgs mechanism?
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Exploring the New Landscape: Early Running
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Wilson’s Experiments in Multiple Production

Topological cross sections: multiplicity distributions
diffractive + multiperipheral production?

Feynman scaling: ρ(kz/E , k⊥,E ) independent of E ?

Factorization: ρ(kz/E , k⊥,E ) same for (π, p)p in
proton hemisphere?

Flat rapidity plateau in central region?

Double Pomeron exchange?

Correlation length experiment: ∝ exp(− |y1 − y2| /L)?

Factorization test with central trigger
(to eliminate diffraction)
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Exploring the New Landscape

QCD could be complete, up to ultrahigh energies
. . . Doesn’t mean it must be!

No structural deficiencies à la electroweak theory
(but strong CP problem remains)

Perhaps . . .

new kinds of colored matter beyond quarks gluons
(and maybe their superpartners)

quarks might be composite in an unexpected manner

SU(3)c gauge symmetry might be vestige of a larger,
spontaneously broken, color symmetry.
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My speculation . . .
Event structure not a simple extrapolation of Tevatron

LHC’s first surprise in this area: not a crack in the
foundations, but something perhaps buried within QCD
that we have not been clever enough to anticipate.

Some unusual structure in a few percent of events?
High-multiplicity hedgehog events? Sporadic event
structures? Dozens of small jets or other manifestations
of multiple parton collisions?

Soft collisions + underlying events
; understanding multiple production, parton showers
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CMS “Ridge” in 7-TeV pp Collisions
12 7 Long-Range Correlations in 7 TeV Data
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk ≥ 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk ≥ 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at ∆φ ≈ 0 and |∆η| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at ∆φ ≈ 0 extending to |∆η| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at ∆φ ≈0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally

arXiv:1009.4122
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Heavy-Ion Collisions: ALICE Experiment
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2.76 TeV/A 208Pb 208Pb: ALICE
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Heavy-Ion Collisions: Jet Quenching Imagined
Traversing a hot, dense medium . . .

Partons produced in hard scattering lose energy

pp Pb-Pb

Bjorken, 1982
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2.76 TeV/A 208Pb 208Pb: Jet Quenching Observed

ATLAS, arXiv:1011.8182
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2.76 TeV/A 208Pb 208Pb: Jet Quenching Observed
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2011 Run of the LHC Begins Soon . . .

The Large Hadron Collider will run through 2011
at 3.5 TeV per beam, with the energy perhaps
rising to 4 TeV/beam in 2012.

How is the physics potential compromised by running
below 14 TeV?

At what point will the LHC begin to explore virgin
territory and surpass the discovery reach of the
Tevatron experiments CDF and D0?
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Sample event rates in p±p collisions
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Some Absolute Rates
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What Is a Proton?

(For hard scattering) a broad-band, unseparated beam of
quarks, antiquarks, gluons, & perhaps other constituents,
characterized by parton densities

f
(a)
i (xa,Q

2),

. . . number density of species i with momentum fraction
xa of hadron a seen by probe with resolving power Q2.

Q2 evolution given by QCD perturbation theory

f
(a)
i (xa,Q

2
0 ): nonperturbative
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Deeply Inelastic Scattering ; f
(a)

i (xa,Q
2
0 )

18 16. Structure functions

NOTE: THE FIGURES IN THIS SECTION ARE INTENDED TO SHOW THE REPRESENTATIVE DATA.

THEY ARE NOT MEANT TO BE COMPLETE COMPILATIONS OF ALL THE WORLD’S RELIABLE DATA.
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Figure 16.7: The proton structure function F
p
2 measured in electromagnetic scattering of positrons on

protons (collider experiments ZEUS and H1), in the kinematic domain of the HERA data, for x > 0.00006
(cf. Fig. 16.10 for data at smaller x and Q2), and for electrons (SLAC) and muons (BCDMS, E665, NMC)
on a fixed target. Statistical and systematic errors added in quadrature are shown. The data are plotted as a
function of Q2 in bins of fixed x. Some points have been slightly offset in Q2 for clarity. The ZEUS binning
in x is used in this plot; all other data are rebinned to the x values of the ZEUS data. For the purpose of
plotting, F

p
2 has been multiplied by 2ix , where ix is the number of the x bin, ranging from ix = 1 (x = 0.85)

to ix = 28 (x = 0.000063). References: H1—C. Adloff et al., Eur. Phys. J. C21, 33 (2001); C. Adloff et al.,
Eur. Phys. J. C30, 1 (2003); ZEUS—S. Chekanov et al., Eur. Phys. J. C21, 443 (2001); S. Chekanov et al.,
Phys. Rev. D70, 052001 (2004); BCDMS—A.C. Benvenuti et al., Phys. Lett. B223, 485 (1989) (as given
in [55]) ; E665—M.R. Adams et al., Phys. Rev. D54, 3006 (1996); NMC—M. Arneodo et al., Nucl. Phys.
B483, 3 (1997); SLAC—L.W. Whitlow et al., Phys. Lett. B282, 475 (1992).
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What Is a Proton?
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Hard-scattering cross sections

dσ(a + b → c + X ) =
∑

ij

∫
dxadxb δ(τ − xaxb) ·

f
(a)
i (xa,Q

2)f
(b)
j (xb,Q

2)d σ̂(i + j → c + X ),

d σ̂ : elementary cross section at energy
√

ŝ =
√

xaxbs

(τ = ŝ/s)
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Example Leading-Order Calculation
Compute the differential cross section dσ/dt for the
elementary reaction ud → ud , neglecting quark masses.
Show that

dσ(ud → ud)/dt̂ =
4πα2

s

9ŝ2
· ŝ2 + û2

t̂2
,

where ŝ, t̂, û are the usual Mandelstam invariants for the
parton-parton collision.
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Preparing to Test QCD in Jet Production

(a) Express the ud → ud cross section in terms of c.m. angular
variables, and note that the angular distribution is reminiscent of that
for Rutherford scattering, dσ/dΩ∗ ∝ 1/ sin4(θ∗/2).

(b) In the search for new interactions, the angular distribution for
quark-quark scattering, inferred from dijet production in p±p
collisions, is a sensitive diagnostic. Show that when re-expressed in
terms of the variable χ = (1 + cos θ∗)/(1− cos θ∗), the angular
distribution for ud scattering is dσ/dχ ∝ constant.

(c) The rapidity variable, y = 1
2

ln[(E + pz)/(E − pz)], is useful in the
study of high-energy collisions because it shifts simply under Lorentz
boosts. Show that in the extreme relativistic limit, measuring the jet
rapidities in the reaction p±p → jet1 + jet2 leads directly to a
determination of the variable χ for parton-parton scattering as
χ = exp(y1 − y2).
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Parton luminosities are convenient for estimating how the
physics potential of Large Hadron Collider experiments
depends on the energy of the proton beams. I present
parton luminosities, ratios of parton luminosities, and
contours of fixed parton luminosity for gg, ud̄, and qq
interactions over the energy range relevant to the Large
Hadron Collider, along with example analyses for specific
processes.
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Parton luminosities are convenient for estimating how the
physics potential of Large Hadron Collider experiments
depends on the energy of the proton beams. I quan-
tify the advantage of increasing the beam energy from
3.5 TeV to 4 TeV. I present parton luminosities, ratios
of parton luminosities, and contours of fixed parton lumi-
nosity for gg, ud̄, qq, and gq interactions over the energy
range relevant to the Large Hadron Collider, along with
example analyses for specific processes. This note ex-
tends the analysis presented in Ref. [1]. Full-size figures
are available as pdf files at lutece.fnal.gov/PartonLum11/.
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Ellis, Stirling, Webber, QCD & Collider Physics

MRSW08NLO examples + RKE Lecture 3, SUSSP 2009
Full-page figures: lutece.fnal.gov/PartonLum11

High-energy p: broadband unseparated beam of q, q̄, g
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Parton Luminosities + Prior Knowledge = Answers

Taking into account 1/ŝ behavior of hard scattering,

τ

ŝ

dL
dτ
≡ τ/ŝ

1 + δij

∫ 1

τ

dx

x
[f

(a)
i (x)f

(b)
j (τ/x) + f

(a)
j (x)f

(b)
i (τ/x)]

is a convenient measure of parton ij luminosity.

f
(a)
i (x): pdf; τ = ŝ/s

σ(s) =
∑
{ij}

∫ 1

τ0

dτ

τ
· τ

ŝ

dLij

dτ
· [ŝσ̂ij(ŝ)]

EHLQ §2; QCD & Collider Physics, §7.3
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Parton Luminosity
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Parton Luminosity
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Parton Luminosity (light quarks)
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Luminosity Ratios
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Luminosity Ratios

gg → tt̄
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Luminosity Ratios
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Luminosity Ratios
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Luminosity Ratios
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≈ Tevatron at (200, 95, 45) pb−1
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Luminosity Ratios
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Luminosity Ratios
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Luminosity Ratios
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Luminosity Ratios
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Luminosity Ratios
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Supermodels
New physics possibilities in very early running
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We investigate what new physics signatures the LHC can discover in the 2009–2010 run, beyond
the expected sensitivity of the Tevatron data by 2010. We construct “supermodels”, for which
the LHC sensitivity even with only 10 pb−1 is greater than that of the Tevatron with 10 fb−1.
The simplest supermodels involve s-channel resonances in the quark-antiquark and especially in
the quark-quark channels. We concentrate on easily visible final states with small standard model
backgrounds, and find that there are simple searches, besides those for Z′ states, which could
discover new physics in early LHC data. Many of these are well-suited to test searches for “more
conventional” models, often discussed for multi-fb−1 data sets.

I. INTRODUCTION

In this paper, we explore the new physics discovery
potential of the first LHC run, expected to start later
this year. The latest official schedule calls for 7 TeV
collisions starting in late 2009 with a ramp-up towards
10 TeV sometime during the run, which will last until late
2010 [1]. However, there is still some uncertainty in the
ultimate center of mass energy, and the useful luminosity
for physics analyses may be significantly less than the
200–300 pb−1 delivered luminosity, which is projected
for this run. We therefore find it interesting to study the
sensitivity of the first run as a function of LHC energy
and luminosity.

In particular, it is often stated that a first LHC run
with order 10 pb−1 of good data to be analyzed by
ATLAS and CMS would essentially be an “engineering
run” with only the capability to “rediscover” the stan-
dard model [2, 3]. One expects that order 100 pb−1 of
data will be necessary for the LHC to have sensitivity
to plausible new physics scenarios. Here we take a fresh
look at the new physics capabilities of a 10 pb−1 low-
luminosity data set, and allow ourselves to contemplate
new physics which is not motivated by model building
goals such as unification, weak scale dark matter, or solv-
ing the hierarchy problem.

We find that, setting such model building prejudices
aside, there is a set of interesting new physics scenarios
that could give rise to a clean, observable signal in early
LHC data, while not being detected with 10 fb−1 of Teva-
tron data (roughly the projected integrated luminosity at
the end of 2010). These models are consistent with pre-
vious experiments such as LEP II, precision electroweak
constraints, and flavor physics. Moreover, these scenarios
have similar signatures to “well-motivated” new physics
models that require higher luminosity for discovery.

To set the stage, recall that the production cross sec-
tions for new hypothetical particles can be quite large.
For example, QCD pair production of 500 GeV colored
particles have cross sections in the pb range, such that
tens of such particles could be produced in early LHC.

Of course, in order for the new particles to be observable,
they must have sufficiently large branching fractions to
final states with distinctive signatures and controllable
standard model backgrounds. Also, the new particles
should not be ruled out by current or future Tevatron
searches, implying that the cross section times integrated
luminosity at the LHC should be larger than the corre-
sponding quantity at the Tevatron.

Thus, the four criteria for a new physics scenario to be
discovered in early LHC with low luminosity are:

1. Large enough LHC cross section to produce at least
10 signal events1 with 10 pb−1 of data;

2. Small enough Tevatron cross section to evade the
projected 2010 Tevatron sensitivity with 10 fb−1;

3. Large enough branching fraction to an “easy” final
state with essentially no backgrounds;

4. Consistency with other existing bounds.

We call a new physics scenario satisfying these conditions
a supermodel .

The classic example that comes to mind as a candidate
supermodel is a TeV-scale Z ′ boson [4]. Assuming the Z ′
mass exceeds the Tevatron reach, but is light enough and
has large enough couplings so that it can be produced co-
piously at the LHC, then it can be discovered through its
decay to electron and muon pairs. Such leptonic finals
states are “easy” to reconstruct with a peak in the in-
variant mass distribution, which reduces the already low
standard model backgrounds.

As we will see, however, a typical leptonically decaying
Z ′ is actually not a supermodel. First, since the Z ′ is pro-
duced via the quark-antiquark initial state, the Tevatron
is quite competitive with the LHC. Second, the leptonic
branching fraction is severely bounded by LEP II data,

1 While fewer events might be sufficient for discovery, we shall
demand 10 events to allow for O(1) uncertainties in our analysis.

Rules of the game:

& 10 signal events in 10 pb−1 at LHC (25 better)

No signal in 10 fb−1 at Tevatron

Easily detected, low-background decay channel

Consistent with existing constraints
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Supermodels
Example: strongly coupled qq resonance 5
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FIG. 4: LHC reach for single resonance production as a function of energy and luminosity. As in Fig. 3, the contours show
the production of 10 events for a given resonance mass, the red regions show the Tevatron sensitivity with 10 fb−1, and the
intersection of the dashed lines shows the maximum resonance mass which can be probed by the 7 TeV LHC with 10 pb−1

data. The expected couplings for perturbative new physics in Eq. (5) are included. One sees that the early LHC can exceed
the Tevatron sensitivity for qq̄ and especially for qq resonances.

events at the LHC is greater than that at the Tevatron.
These regions are shaded in Fig. 5. (To include model
specific effects, replace the “100 pb” solid curve by the
100pb/(g2

eff BEffLHC) one.)
At the intersection of a solid and a dashed curve, the

ratio of their labels gives the Tevatron cross section, and
can be used to estimate the Tevatron discovery reach.
The intersection of any “10n+a pb” solid curve with a
“10a” dashed curve corresponds to the same fixed Teva-

tron cross section of 10n pb for arbitrary a. Since the
Tevatron cross section does not depend on the LHC en-
ergy, these intersections lie on a horizontal line. The
corresponding value of the resonance mass is the one for
which the Tevatron with 10 fb−1 data produces 104+n

events. For example, for masses below the straight line
across the intersection of the “100 pb” and the “103”
curves (i.e. n = −3), the Tevatron will also produce at
least 10 events with 10 fb−1 data. While everywhere in
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Supermodels
To observe diquark, require decays beyond qq

An example: color-6 diquark D + leptodiquark L (!)

uu → D
|→ `−L

|→ `+jj

Doesn’t respond to any needs, but . . .
final state familiar from WR searches

Don’t assume there is nothing to find at low
∫ Ldt
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Evolution of αs(Q
2): Asymptotic Freedom
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Evolution of αs(Q
2): Influence of mt
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Charge screening in QED (electrons + photons)
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Charge screening in QED (real world)
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Coupling Constant Unification
Different running of U(1)Y, SU(2)L, SU(3)c

gives possibility of coupling constant unification
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Can LHC See Change in Evolution?
Sensitive to new colored particles
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(sharp threshold illustrated) . . . also for sin2 θW
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Most Violent Collision
The World’s Most Powerful Microscopes

The World’s Most Powerful Microscopes
nanonanophysics

Transverse momenta: 1.3 TeV + 1.2 TeVTransverse momenta: 1.3 TeV + 1.2 TeV
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Search for Contact Interaction (Compositeness)
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ATLAS

  QCD Prediction
  Theoretical Uncertainties
  Total Systematics

3.1 pb−1 ; Λ∗ > 3.4 TeV
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First measurements of σ(tt̄)

31

(1) ATLAS (lepton+b+≥3 jets and dileptons+≥2jets): 

(1) See P. Wells, for the ATLAS collab., 104th LHCC session, http://indico.cern.ch/conferenceDisplay.py?confId=112439

σATLAS = 145± 31
+42
−27

pb

σTH = 167
+13
−10

pb

(2) CMS (dileptons+≥2jets): 

(2) arXiv:1010.5994
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Partition of Proton’s Momentum
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Small Exercise in QCD Evolution

By computing the n = 2 moments of the Altarelli-Parisi
splitting functions in QCD,

An(q ← q) ≡
∫ 1

0

dz zn−1Pq←q(z),

etc., project the momentum fractions of each parton
species within the proton to Q2 →∞. Show that∫ 1

0

dx xG (x ,Q2 →∞) = 8
17 ,∫ 1

0

dx xqs(x ,Q2 →∞) = 3
68 (each flavor),∫ 1

0

dx xqv(x ,Q2 →∞) = 0.

in QCD with six quark flavors.Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 137 / 177



XVI Escola Jorge Swieca

Potential Discoveries

at the Large Hadron Collider

Chris Quigg

Fermilab

mailto:quigg@fnal.gov


SM shortcomings

No explanation of Higgs potential

No prediction for MH

Doesn’t predict fermion masses & mixings

MH unstable to quantum corrections

No explanation of charge quantization

Doesn’t account for three generations

Vacuum energy problem

Beyond scope: dark matter, matter asymmetry, etc.

; imagine more complete, predictive extensions
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Parameters of the Standard Model

3 coupling parameters: αs , αEM, sin2 θW

2 parameters of the Higgs potential

1 vacuum phase of QCD

6 quark masses

3 quark mixing angles

1 CP-violating phase

3 charged-lepton masses

3 neutrino masses

3 leptonic mixing angles

1 leptonic CP-violating phase (+ Majorana)

≥ 26 arbitrary parameters
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Flavor physics . . .
may be where we see, or diagnose, the break in the SM

Some opportunities (see Buras, Flavour Theory: 2009)

CKM matrix from tree-level decays (LHCb)

B(Bs,d → µ+µ−)

D0−D̄0 mixing; CP violation

FCNC in top decay: t → (c , u)`+`−, etc.

Correlate virtual effects with direct detection of new
particles to test identification

Tevatron experiments demonstrate capacity for very
precise measurements: e.g., Bs mixing.

All fermion mass is physics beyond the standard model!
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Hadron colliders are precision instruments!

LHCb Sequential Decay

begin to confront DØ surprise at 100 pb–1
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Stability bounds
Quantum corrections to V (ϕ†ϕ) = µ2(ϕ†ϕ) + |λ| (ϕ†ϕ)2

Triviality of scalar field theory bounds MH from above

Only noninteracting scalar field theories make sense
on all energy scales

Quantum field theory vacuum is a dielectric medium
that screens charge

⇒ effective charge is a function of the distance or,
equivalently, of the energy scale

running coupling constant

Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 142 / 177



Bounding MH from above . . .

In λφ4 theory, calculate variation of coupling constant λ
in perturbation theory by summing bubble graphs

λ(µ) is related to a higher scale Λ by

1

λ(µ)
=

1

λ(Λ)
+

3

2π2
log (Λ/µ)

(Perturbation theory reliable only when λ is small,

lattice field theory treats strong-coupling regime)
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Bounding MH from above . . .

For stable Higgs potential (i.e., for vacuum energy not to
race off to −∞), require λ(Λ) ≥ 0

Rewrite RGE as an inequality

1

λ(µ)
≥ 3

2π2
log (Λ/µ)

. . . implies an upper bound

λ(µ) ≤ 2π2/3 log (Λ/µ)
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Bounding MH from above . . .

If we require the theory to make sense to arbitrarily high
energies—or short distances—then we must take the limit
Λ→∞ while holding µ fixed at some reasonable physical
scale. In this limit, the bound forces λ(µ) to zero.
−→ free field theory “trivial”
Rewrite as bound on MH :

Λ ≤ µ exp

(
2π2

3λ(µ)

)
Choose µ = MH , and recall M2

H = 2λ(MH)v 2

Λ ≤ MH exp
(
4π2v 2/3M2

H

)
Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 145 / 177



Bounding MH from above . . .

quantum
corrections
disfavor
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Bounding MH from above . . .

Moral: For any MH , there is a maximum energy scale Λ?

at which the theory ceases to make sense.

The description of the Higgs boson as an elementary
scalar is at best an effective theory, valid over a finite
range of energies

Perturbative analysis breaks down when MH → 1 TeV/c2

and interactions become strong

Lattice analyses =⇒ MH ∼< 710± 60 GeV if theory
describes physics to a few percent up to a few TeV

If MH → 1 TeV EW theory lives on brink of instability
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Requiring V (v) < V (0) gives lower bound on MH

Requiring that 〈φ〉0 6= 0 be an absolute minimum of the
one-loop potential up to a scale Λ yields the
vacuum-stability condition . . . (for mt ∼<MW )

M2
H >

3GF

√
2

8π2
(2M4

W + M4
Z − 4m4

t ) log(Λ2/v 2)

(No illuminating analytic form for heavy mt)

If Higgs boson is relatively light (which would require
explanation) then theory can be self-consistent up to very
high energies
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Consistent to MPlanck if 134 GeV∼<MH ∼< 177 GeV

quantum
corrections
disfavor
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Living on the Edge?
Require cosmological tunneling time, not absolute stability
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Isidori, et al., hep-ph/0104016
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Beyond the Standard Model
More physics on the TeV scale?

Partial-wave unitarity analysis of WW scattering argues
for new physics on the TeV scale.
In SM: a Higgs boson or strongly interacting gauge sector
In general, something new on the TeV scale

At the level of suggestion, rather than theorem . . .

The hierarchy problem: if light H , new physics
implicated on the TeV scale

WIMPs as dark matter: reproduce relic density for
masses 0.1−1 TeV
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The EW scale and beyond

EWSB scale, v = (GF

√
2)−

1
2 ≈ 246 GeV, sets

M2
W = g 2v 2/2 M2

Z = M2
W / cos2 θW

But it is not the only scale of physical interest

natural: MPlanck = 1.22× 1019 GeV

probable: SU(3)c ⊗ SU(2)L ⊗ U(1)Y unification scale
∼ 1015−16 GeV

somewhere: flavor scale?
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The Hierarchy Problem
Evolution of the Higgs-boson mass

M2
H(p2) = M2

H(Λ2) + + +

quantum corrections from particles with J = 0, 1
2 , 1

Potential divergences:

M2
H(p2) = M2

H(Λ2) + Cg 2

∫ Λ2

p2

dk2 + · · · ,

Λ: naturally large, ∼ MPlanck or ∼ U ≈ 1015−16 GeV
How to control quantum corrections?
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A Delicate Balance . . . even for Λ = 5 TeV
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Light Higgs + no new physics: LEP Paradox
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The Hierarchy Problem

Str
ings?
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[A PUZZLE RAISED BY THE HIGGS]
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How to keep the distant scales from mixing in the face of
quantum corrections? OR
How to stabilize the mass of the Higgs boson on the
electroweak scale? OR
Why is the electroweak scale small?
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The Hierarchy Problem
Possible paths

Fine tuning

A new symmetry (supersymmetry)
fermion, boson loops contribute with opposite sign

Composite “Higgs boson” (technicolor . . . )
form factor damps integrand

Little Higgs models, etc.

Low-scale gravity (shortens range of integration)

All but first require new physics near the TeV scale
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Gravity at a Low Scale
At scale R . . . gravity propagates in 4 + n dimensions

1/r 2 ; 1/r 2+n

Gauss law: GN ∼ M∗−n−2Rn M∗: gravity’s true scale

MPlanckM*1/R(1 mm)–1

1 TeV

S
tr

en
gt

h 
of

 F
or

ce
s

3-2-1

LED

Conventional G
ravity

MPlanck would be a mirage!
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Gravity follows 1/r 2 law to ∼< 1 mm (few meV)

V (r) = −
∫

dr1

∫
dr2

GNρ(r1)ρ(r2)

r12
[1 + εG exp(−r12/λG)]

1 0.110
E (meV)
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Some Recent Inventions

In Little Higgs models, Higgs mass instability is
canceled by particles of the same spin: e.g. spin-1/2
“heavy top”
temporary solution, up to perhaps 10 TeV

If a gauge (vector) field resides in 5D space, it appears
to a 4D observer as 2 fields: spin-1 and spin-0

“Higgsless” models: 5D incarnations of 4D technicolor

Fourth generation of quarks and leptons . . .
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Supersymmetry

A fermion-boson symmetry that arises from new
fermionic dimensions

Most general symmetry of S-matrix: SUSY +
Poincaré invariance + internal symmetries

Relates fermion to boson degrees of freedom: roughly,
each particle has a superpartner with spin offset by 1

2

SUSY relates interactions of particles, superpartners

Known particle spectrum contains no superpartners ⇒
SUSY doubles the spectrum

SUSY invariance or anomaly cancellation requires two
Higgs doublets to give masses to I3 = ±1

2 particles
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Why Supersymmetry?

Closely approximates the standard model

Maximal (unique) extension of Poincaré invariance

Path to gravity: local supersymmetry −→ supergravity

Solution to naturalness problem: allows fundamental
scalar at low E

(+ unification) sin2 θW , coupling constant unification

(+ universality) Can generate SSB potential

(+R-parity) LSP as dark matter candidate

P. Fayet slides and video
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Yukawa terms consistent with SUSY induce dangerous
lepton- and baryon-number violations:

λijkLiLjE k + λ′ijkLiQ jD̄k + λ′′Ū iD̄ jD̄k

45 free parameters . . . Transitions like

LLLE = λijk ν̃
i
Le i

Lēk
R + . . .

To banish these, impose symmetry under R-parity:

R = (−1)3B+L+S

. . . even for particles, odd for superpartners.
Superpartners produced in pairs
Lightest superpartner is stable

5 physical Higgs bosons: CP even h0,H0; CP odd A0; H±
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MSSM closely resembles standard EW theory

Erler & Pierce: SUSY vs. SM, hep-ph/9801238 Cho & Hagiwara, hep-ph/9912260

| SM — SUGRA — 5⊕ 5? GMSB — 10⊕ 10? GMSB
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For heavy top, SSB may follow naturally in SUSY
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. . . (sign of M2 indicated) Kane, et al. (hep-ph/9312272, Phys. Rev. D49, 6173 (1994))
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Upper bounds on Mh in the MSSM
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If nonminimal SUSY Higgs couplings are perturbative up to MU ,

Mh∼< 150 GeV
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SUSY Challenges . . .

Extra dynamics needed to break SUSY
“Soft” SUSY breaking =⇒
MSSM with 124 parameters

Contending schemes for SUSY breaking:
I Gravity mediation. SUSY breaking at a very high scale, communicated

to standard model by supergravity interactions
I Gauge mediation. SUSY breaking nearby (∼< 100 TeV), communicated

to standard model by (nonperturbative ?) gauge forces.
I . . .

None meets all challenges
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. . . SUSY Challenges

Weak-scale SUSY protects MH , but does not explain
the weak scale (“µ problem”)

Global SUSY must deal with the threat of FCNC

(Like SM) Clear predictions for gauge-boson masses,
not so clear for squarks and sleptons

So far, SUSY is well hidden Contortions for
MH ∼> 115 GeV

(SUSY didn’t relate particles & forces, but doubled
spectrum)

Baryon- and lepton-number violating interactions arise
naturally, are abolished by decree
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. . . SUSY Challenges

SUSY introduces new sources of CP violation that are
potentially too large. “Minimal flavor violation”

We haven’t found a convincing and viable picture of
the TeV superworld.

This long list of challenges doesn’t mean that
Supersymmetry is wrong, or irrelevant to the 1-TeV scale.

But SUSY is not automatically right, either!

If SUSY operates on the TeV scale, Nature has found
solutions to these challenges . . .
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Example: CMS SUSY Search 13
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Figure 5: Measured (red line) and expected (dashed blue line) 95% CL exclusion contour at
NLO in the CMSSM (m0, m1/2) plane for tan β = 3, A0 = 0 and sign(µ) > 0. The measured
LO exclusion contour is shown as well (dot-dashed green line). The area below the curves is
excluded by this measurement. Exclusion limits obtained from previous experiments are pre-
sented as filled areas in the plot. Grey lines correspond to constant squark and gluino masses.
The plot also shows the two benchmark points LM0 and LM1 for comparison.

with the estimate from control samples in data. Here, conservatively large systematic uncer-
tainties have been assigned to the background estimates. The measurements are in agreement
with the expected contributions from standard model processes. Limits on the CMSSM param-
eters have been derived, and have been shown to improve significantly those set by previous
experiments.
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Why is empty space so nearly massless?
Natural to neglect gravity in particle physics . . .

Gravitational ep interaction ≈ 10−41× EM

GNewton small ⇐⇒ MPlanck =

(
~c

GNewton

) 1
2

≈ 1.22× 1019 GeV large

q

q

G ∼

E

MPlanck

300 years after Newton: Why is gravity weak?
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But gravity is not always negligible . . .
The vacuum energy problem

Higgs potential V (ϕ†ϕ) = µ2(ϕ†ϕ) + |λ| (ϕ†ϕ)2

At the minimum,

V (〈ϕ†ϕ〉0) =
µ2v 2

4
= −|λ| v

4

4
< 0.

Identify M2
H = −2µ2

V 6= 0 contributes position-independent vacuum energy density

%H ≡ M2
Hv 2

8
≥ 108 GeV4 ≈ 1024 g cm−3

Adding vacuum energy density %vac ⇔ adding cosmological constant
Λ to Einstein’s equation

Rµν − 1
2
Rgµν =

8πGN

c4
Tµν + Λgµν Λ =

8πGN

c4
%vac
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Observed %vac∼< 10−46 GeV4
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%H ∼> 108 GeV4: mismatch by 1054

A chronic dull headache for thirty years . . .
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More Electroweak Questions for the LHC

What is the agent that hides electroweak symmetry?
Is the “Higgs boson” elementary or composite? How
does the Higgs boson interact with itself? What
triggers electroweak symmetry breaking?
New physics in pattern of Higgs-boson decays?
Will (unexpected or rare) decays of H reveal new
kinds of matter?
What would discovery of > 1 Higgs boson imply?
What stabilizes MH below 1 TeV?
How can a light H coexist with absence of new
phenomena?
Is EWSB related to gravity through extra spacetime
dimensions?
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More Electroweak Questions for the LHCbis

Is EWSB emergent, connected with strong dynamics?

If new strong dynamics, how can we diagnose? What
takes place of H?

Does the Higgs boson give mass to fermions, or only
to the weak bosons? What sets the masses and
mixings of the quarks and leptons?

Does the different behavior of left-handed and
right-handed fermions with respect to charged-current
weak interactions reflect a fundamental asymmetry in
the laws of nature?
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More Electroweak Questions for the LHCter

What will be the next symmetry recognized in Nature?
Is Nature supersymmetric? Is the electroweak theory
part of some larger edifice?

Are there additional generations of quarks and
leptons?

What resolves the vacuum energy problem?

What lessons does electroweak symmetry breaking
hold for unified theories of the strong, weak, and
electromagnetic interactions?
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In a decade or two, we can hope to …
Understand electroweak symmetry breaking
Observe the Higgs boson
Measure neutrino masses and mixings
Establish neutrinos = antineutrinos
Thoroughly explore CP violation in B decays
Exploit rare decays (K, D, …)
Observe neutron’s EDM, pursue electron’s
Use top quark as a tool
Observe new phases of matter
Understand hadron structure quantitatively
Uncover the full implications of QCD
Observe proton decay
Understand the baryon excess
Catalogue matter and energy of the universe
Measure dark energy equation of state
Search for new macroscopic forces
Determine the unifying symmetry

Detect neutrinos from the universe
Learn how to quantize gravity
Learn why empty space is nearly massless
Test the inflation hypothesis
Understand discrete symmetry violation
Resolve the hierarchy problem
Discover new gauge forces
Directly detect dark-matter particles
Explore extra spatial dimensions
Understand the origin of large-scale structure
Observe gravitational radiation
Solve the strong CP problem
Learn whether supersymmetry is TeV-scale
Seek TeV-scale dynamical symmetry breaking
Search for new strong dynamics
Explain the highest-energy cosmic rays
Formulate the problem of identity

… learn the right questions to ask ...
… and rewrite the textbooks!
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Thank you!

Good luck!

Mangano, CERN 2011 Sphicas, CERN 2011
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